The starburst amacrine cell in the mouse retina presents an opportunity to examine the precise role of sensory input location on neuronal computations. Using visual receptive field mapping, glutamate uncaging, two-photon Ca 2+ imaging, and genetic labeling of putative synapses, we identify a unique arrangement of excitatory inputs and neurotransmitter release sites on starburst amacrine cell dendrites: the excitatory input distribution is skewed away from the release sites. By comparing computational simulations with Ca 2+ transients recorded near release sites, we show that this anatomical arrangement of inputs and outputs supports a dendritic mechanism for computing motion direction. Direction-selective Ca 2+ transients persist in the presence of a GABA-A receptor antagonist, though the directional tuning is reduced. These results indicate a synergistic interaction between dendritic and circuit mechanisms for generating direction selectivity in the starburst amacrine cell.
In Brief
Starburst amacrine cells present an opportunity to examine the precise role of sensory input location on dendritic computations. Vlasits et al. find that the excitatory input distribution is skewed away from outputs, which supports a dendritic computation of motion direction.
SUMMARY
The starburst amacrine cell in the mouse retina presents an opportunity to examine the precise role of sensory input location on neuronal computations. Using visual receptive field mapping, glutamate uncaging, two-photon Ca 2+ imaging, and genetic labeling of putative synapses, we identify a unique arrangement of excitatory inputs and neurotransmitter release sites on starburst amacrine cell dendrites: the excitatory input distribution is skewed away from the release sites. By comparing computational simulations with Ca 2+ transients recorded near release sites, we show that this anatomical arrangement of inputs and outputs supports a dendritic mechanism for computing motion direction. Direction-selective Ca 2+ transients persist in the presence of a GABA-A receptor antagonist, though the directional tuning is reduced. These results indicate a synergistic interaction between dendritic and circuit mechanisms for generating direction selectivity in the starburst amacrine cell.
INTRODUCTION
Starburst amacrine cells (SACs) are axonless GABAergic interneurons, whose release sites are located in the distal tips of their dendrites. SACs play a critical role in the computations of direction selectivity by providing asymmetric inhibition onto directionselective (DS) ganglion cells (DSGCs), which fire selectively to motion in one direction and very little to motion in the other direction (Amthor et al., 2002; Fried et al., 2002 Fried et al., , 2005 Vlasits et al., 2014; Yoshida et al., 2001) . The mechanism of direction-selective inhibition from SACs has been widely studied. DSGCs receive greater inhibitory input from SACs located on their null side (Fried et al., 2002; Wei et al., 2011; Yonehara et al., 2011) , due to selective wiring of inhibitory synapses from SAC dendrites pointed in the DSGC's null direction (Beier et al., 2013; Briggman et al., 2011; Morrie and Feller, 2015) . But wiring cannot by itself explain direction-selective inhibition, because DSGCs exhibit direction selectivity even when moving stimuli are restricted to a small region of the receptive field (Fried et al., 2002) . Therefore, GABA release from SAC dendrites also must be DS. Indeed, individual SAC dendrites prefer motion in different directions. Specifically, Ca 2+ transients in SAC dendrites are larger in response to motion outward from the soma to the end of the dendrite compared to motion inward from the end of the dendrite to the soma (Euler et al., 2002; Hausselt et al., 2007; Lee and Zhou, 2006; Yonehara et al., 2013) . SACs receive excitatory input from bipolar cells, glutamatergic interneurons that are the major feedforward circuit component in the retina. But bipolar cell axon terminals exhibit neither DS Ca 2+ transients (Chen et al., 2014; Yonehara et al., 2013) nor DS glutamate release onto DSGCs . This suggests that the first computation of motion direction takes place in SAC dendrites. Currently, there are three hypotheses of how DS Ca 2+ signals arise in SAC dendrites. The first hypothesis is that integration of spatially offset bipolar cell inputs with different release kinetics produces direction selectivity . The second is that circuit-level reciprocal lateral inhibition between SACs creates a preference for outward motion in the absence of dendrite-intrinsic asymmetries (Lee and Zhou, 2006; Mü nch and Werblin, 2006) . The third is a dendrite-intrinsic mechanism, which proposes that passive properties of SAC dendrites, combined with non-linear conductances, are capable of computing motion direction (see Vaney et al., 2012 for review) . However, the precise dendritic computations would depend on the arrangement of input and output sites. Outputs (GABA release sites) are located in the distal one-third of the SAC dendrite, where widenings called varicosities contact DSGCs (Briggman et al., 2011; Famiglietti, 1991) . On the other hand, different distributions of excitatory inputs have been proposed in the SAC dendritic arbor: either inputs cover the entire arbor (Famiglietti, 1991; Koizumi et al., 2011) or there are fewer inputs in the distal dendrites (Greene et al., 2016; Kim et al., 2014 ).
Here we determined the dendritic locations of excitatory synaptic inputs to elucidate the dendrite-intrinsic mechanisms that play a role in SAC computations. We utilized several methods to examine the excitatory input distribution: visual receptive field mapping, localized glutamate uncaging, and labeling of the PSD95 distribution. In addition, we modeled the SAC to explore the effect of changing the input distribution on the voltage responses in different regions of the dendrite. Finally, we used two-photon Ca 2+ imaging of varicosities to determine the relative contributions of excitation and lateral inhibition to the DS computation in SAC dendrites.
RESULTS
The SAC Excitatory Receptive Field Is Excluded from Distal Dendrites A neuron's input distribution relative to its outputs can make a difference in the nature of the dendrite-intrinsic computation the cell can perform. If inputs and outputs are comingled, local dendritic computations would dominate. On the other hand, if inputs are skewed or segregated away from output sites, global computations within each dendrite would dominate ( Figure 1A ). Modeling studies thus far have assumed inputs are near to output sites (Taylor and Smith, 2012; Tukker et al., 2004) , and achieving direction selectivity in this case requires strong nonlinear mechanisms.
To determine the functional map of excitatory inputs onto SAC dendrites in the retina, we first measured the excitatory receptive field using visual stimulation of the retina with small spots (25-mm diameter) whose size was chosen to roughly match the receptive field size of cone bipolar cells (Berntson and Taylor, 2000; Figure 1B) . We performed voltage-clamp recordings from SACs to measure light-evoked excitatory currents ( Figure 1C ), and we quantified the charge transfer as a function of the position of the stimulation spot relative to the dendritic radius. We observed a decrease in charge transfer as spots were presented farther from the soma, with spots centered at R74% ± 13% of the dendritic radius producing <5% of the maximum charge transfer recorded in the cell ( Figures 1D and 1E , n = 15 cells). On the other hand, we did not observe differences in the spot response kinetics at different locations on the dendritic tree, suggesting that phasic versus sustained bipolar cell release kinetics may not play a role in generating direction selectivity in On-SACs (Figure S1 ; see Discussion and Kim et al., 2014) .
We repeated our receptive field measurements using 24-mmwide ring stimuli to stimulate all of the SAC dendrites at a certain radius on the arbor at once ( Figure 1F ). Similar to the stimulation with small spots of light, the charge transfer in response to rings decreased to <5% of the maximum response with rings centered at R77% ± 10% (average ± SD for six cells) of the maximum dendritic radius ( Figure 1I ). In addition, during stimulation outside of the dendritic field, we observed a decrease in the tonic excitatory current that coincided with an inhibitory current; the inhibitory receptive field extended beyond the excitatory receptive field ( Figure S1 ). Thus, based on ring and spot stimulations, the excitatory receptive field appears to exclude the most distal dendrites.
So far, we have determined the excitatory receptive field using voltage-clamp recordings from the soma, but SACs are thought to release neurotransmitters from varicosities in their distal dendrites. To determine the impact of proximal versus distal visual stimulation at SAC release sites, we performed two-photon imaging of Ca 2+ transients from varicosities in SACs filled with OGB-1 (Figure 2A ). Consistent with our voltage-clamp recordings (Figure 1 ), we observed larger Ca 2+ transients in varicosities in response to spots centered at proximal compared to distal locations, despite the distal spots' closer proximity to the varicosities being imaged ( Figures 2B-2E ). Together, these findings suggest that the excitatory receptive field does not include distal regions of the dendrites, but nevertheless has a strong influence on the Ca 2+ concentration there.
Glutamate Uncaging Reveals Absence of Excitatory Synapses in Distal Dendrites
To directly characterize the distribution of excitatory inputs on SAC dendrites, we used two-photon fluorescence imaging, glutamate uncaging by single-photon photolysis of MNI-glutamate (2 mM, bath applied) (DiGregorio et al., 2007) , and somatic voltage-clamp recordings (Figures 3A and 3B) . Locations along the dendrite where uncaging-evoked excitatory postsynaptic currents (EPSCs) were detected were assumed to result from the presence of AMPAR clusters (Abrahamsson et al., 2012) . We selected uncaging-evoked EPSCs with locally maximal amplitudes as the location of putative postsynaptic sites ( Figure S2 ). In 20 dendrites from 15 cells, the majority of putative synapses were in the more proximal region of the dendritic tree ( Figures  3C and 3D ), resulting in an excitatory receptive field that extended to 69% ± 9% of the dendritic field, similar to that determined using visual stimulation ( Figure 3E ). We confirmed that the lack of responses in distal dendritic regions was not due to alterations in the uncaging resolution or cable filtering ( Figure S3 ) and, therefore, not due to insensitivity of our measurements. Taken together, these results are consistent with the conclusion that synaptic inputs are absent from the outer third of the SAC dendritic tree.
PSD95 Puncta Are Skewed Away from Output Sites
We next used an anatomical approach to confirm our functional estimates of the distribution of glutamate receptors in SAC dendrites. Retinas were biolistically transfected with plasmids encoding postsynaptic density protein 95 fused to yellow fluorescent protein (PSD95-YFP) to label putative sites of glutamatergic input and tandem dimer Tomato (tdTomato) for identification of transfected SACs ( Figures 4A and 4C ). We then took confocal images of SAC dendrites that did not overlap with other labeled cells and identified the locations of PSD95-YFP puncta ( Figure 4B ; see Experimental Procedures and Figure S4 ). We found that PSD95-YFP puncta were at the highest density near the soma, while the density decreased more distally with a profile similar to the putative postsynaptic sites detected with uncaging ( Figure 4D , n = 8 cells from five retinas).
To establish the locations of inputs relative to outputs, we plotted putative postsynaptic locations determined from uncaging or PSD95 labeling and release sites. We took advantage of data from a previous study that used serial block-face electron microscopy (SBEM) to characterize the dendritic locations of On and Off SAC contacts with DSGCs (Briggman et al., 2011) . (H) Excitatory charge transfer calculated from the recordings in (G) plotted as a function of the inner radius from the soma. Right and top axes are normalized to the maximum charge transfer and maximum dendritic radius, respectively. Gray vertical line, the maximum radius of the dendritic tree. (I) Excitatory charge transfer calculated for six cells plotted as a function of the length of the inner radius from the soma. Axes are normalized to the maximum charge transfer response and maximum dendritic radius, respectively. Black dots, measurements from each cell; gray bars, binned averages of these measurements; error bars, SD. See also Figure S1 .
We found that synaptic input and output distributions were significantly skewed away from each other ( Figure 4E ; p < 0.05, Wilcoxon rank test). Similarly, only 25% of the output sites overlapped with the excitatory receptive field predicted from uncaging ( Figure 4E , orange dotted line is the mean radial distance of the last postsynaptic site predicted from uncaging). This arrangement of inputs and outputs suggests that computations in the SAC most likely rely on a global mechanism of dendritic integration ( Figure 1A ) and may underlie a dendrite-intrinsic DS computation.
Skewed Synaptic Input Distributions Enhance Direction Selectivity of Simulated Dendritic Voltage
How does the skewed distribution of inputs contribute to direction selectivity of SAC outputs? To address this question, we turned to a computer simulation based on a passive ball-andstick representation of the SAC dendrite (Figures 5A and 5D; Figure S5) . The dendritic morphology was based on the average lengths of dendritic branches measured from SACs imaged by two-photon microscopy (data not shown). We compared the dendritic voltage responses produced by several different input distributions: the skewed distribution determined by uncaging ( Figure 5A ), the higher density skewed distribution determined by PSD95 labeling ( Figure S5A ), a regular distribution covering the entire dendritic length ( Figure 5D ; Figure S5D ), and a regular distribution covering the proximal 71% of the dendritic length, which is the extent of the excitatory receptive field predicted from uncaging (calculated from Figure 3C ). These different distributions allowed us to assess separately the impact of skewed synapse distributions and the effect of the absence of any inputs to the distal region of the SAC.
We simulated voltage along the dendrite during outward and inward stimulations of inputs at an apparent velocity of 500 mm/s, and we report the results both at specific sites (Figures 5B and 5E) as well as continuously along the entire dendrite (Figures 5C and 5F) . To quantify the strength of direction selectivity, we computed the difference in peak depolarization between outward and inward stimulations ( Figures 5H and 5J ). There were three primary predictions from the model. First, we found that input distributions restricted to the proximal 71% of the dendrite (whether skewed distributions or regular distributions) produced the strongest direction selectivity for outward motion. Second, input distributions restricted to the proximal 71% of the dendrites also led to lower direction selectivity values for varicosities located within the receptive field of the SAC dendrite compared to varicosities located outside the receptive field. Third, the degree of direction selectivity was constant over a long section at the end of the dendrite (>30 mm for the uncaging distribution; >45 mm for the PSD95 distribution) only for input distributions restricted to the proximal 71% of the dendrites. The uniform depolarization along the distal dendrite is the result of inputs localized to the proximal portion of the dendritic tree acting in combination with the sealed cable effect of the dendrite (see Discussion). In contrast, stimulating a regular synapse distribution covering the whole dendrite produced direction selectivity values that became steadily stronger with increasing distance from the soma, although direction selectivity remained much weaker than for input distributions restricted to the proximal 71%, even at the most distal sites (Figures 5G-5J ). These results were consistent at a faster velocity of stimulation (1,000 mm/s, data not shown). Our passive model simulations suggest that a proximal-weighted input distribution promotes a prominent DS depolarization in the distal dendritic tips, where the majority of release sites are located.
Direction Selectivity of Varicosities Depends on Varicosity Location
Our simulations predict that varicosities in the distal region of the dendrite will have similar strength DS, in contrast to weaker DS at more proximal release sites ( Figure 5 ). To test this prediction directly, we performed two-photon Ca 2+ imaging of varicosities in SACs while stimulating the retina with moving squares of light (25 mm 2 ). Note, there are two important differences from previous measurements that used Ca 2+ imaging to assess direction selectivity in SAC dendrites (Euler et al., 2002; Hausselt et al., 2007; Lee and Zhou, 2006; Yonehara et al., 2013) . First, we (legend on next page) stimulated the retina with small moving squares, rather than circular gratings or stimuli larger than the size of the SAC dendritic field, to observe single motion-evoked events and isolate the contribution from a single dendrite. Second, we restricted the moving square to 75% of the dendritic radius to optimally stimulate the excitatory receptive field ( Figure 6A ). Similar to previous studies, we observed distal varicosities that responded with Ca 2+ transients that were larger for outward compared to inward motion ( Figures 6B and 6C ) and a large variance in the direction selectivity across varicosities (Euler et al., 2002; Hausselt et al., 2007; Lee and Zhou, 2006; Yonehara et al., 2013; Figures 6F and 6G) . We believe this variance to be due to the complex dendritic structure being stimulated (Figure S6) or to off-axis tuning of varicosities, as described previously (Euler et al., 2002; Yonehara et al., 2013) .
Next we examined how the direction selectivity of a varicosity related to its location along the SAC dendrite. Because our model predicts strong direction selectivity of varicosities over the last $30% of the SAC dendrite, we split the imaged varicosities into two groups using the average path length to the last synapse predicted from uncaging (71% of the dendritic path from the soma, calculated from Figure 3C ). We found that varicosities located distal to the last synapse predicted from uncaging (examples in Figures 6B and 6C) were significantly more DS than varicosities located within the region where synapses were detected (examples in Figures 6D and 6E and summary in Figures 6F and 6G ; mean DS index (DSI) = 0.34 ± 0.23 for 25 varicosities outside receptive field and 0.11 ± 0.18 for eight varicosities inside receptive field; Student's t test, p < 0.05). These results demonstrate that the DSI of varicosity Ca 2+ transients depends on location in a manner consistent with the voltage responses predicted by a purely passive dendrite model.
Excitatory and Inhibitory Inputs Cooperate to Enhance Direction Selectivity
While we have demonstrated that the excitatory input distribution can enable a dendrite-intrinsic computation of motion direction, some studies have proposed that lateral inhibition from other SACs is the origin of direction selectivity in SAC dendrites (Lee and Zhou, 2006; Mü nch and Werblin, 2006) . Note, lateral inhibition between SACs in adult mice is mostly provided by SAC dendrites oriented in antiparallel directions ( Figure S7 ; Kostadinov and Sanes, 2015; Lee and Zhou, 2006) . Given this geometry, inward light stimulation for the SAC being recorded would correspond to outward motion for neighboring presynaptic SACs ( Figure S7) . Hence, the dendrite-intrinsic computation described above would maximally drive GABA release from the neighboring SAC onto the SAC being recorded, enabling lateral inhibition, which we predicted would enhance direction selectivity by suppressing responses to inward light stimulation. To test this model, we conducted two manipulations. First we compared direction selectivity in distal varicosities in response to motion stimuli that ended at 75% of the dendritic radius (as in Figure 6 ) to those that ended at 100% of the dendritic radius, which is likely to induce a more robust activation of inhibitory inputs because the stimulus travels over a larger portion of the neighboring SACs' dendrites ( Figure S7 ). Indeed, we observed larger DSIs in response to 100% stimulation compared to 75% stimulation (Figures 7B and 7E ; paired t test, p < 0.05, Bonferroni corrected; n = 22 varicosities). This difference is due primarily to a reduction in Ca 2+ transients evoked by 100% inward stimulation ( Figure 7D ).
Second, we repeated these experiments in the GABA A receptor antagonist gabazine (5 mM). Though there was an overall reduction in DSI across varicosities ( Figure 7E ; repeated-measures ANOVA, p < 0.05 for control versus gabazine groups), the majority of varicosities still exhibited larger responses to outward motion compared to inward motion (e.g., Figure 7C ). The weakened DSI in the absence of GABAergic inhibition is primarily attributable to an increase in the response to inward motion (Figure 7D ), suggesting that, in control conditions, inhibition is more pronounced during inward stimulation. Notably, in the absence of GABAergic network interactions, the enhanced direction selectivity observed for 100% stimulation over 75% was eliminated ( Figure 7F ; mean DDSI control = 0.16 ± 0.1 and DDSI gabazine = 0.02 ± 0.23). Thus, both excitatory and inhibitory inputs cooperate to compute motion direction in SAC dendrites, and both are greatly enhanced by the differential dendritic distributions of inputs and outputs. Taken together, our results suggest that direction selectivity is achieved through a dendrite-intrinsic (iii) A merged image shows tdTomato in magenta and PSD95-YFP in green; in this image, contrast was adjusted to improve visibility for display. The image was masked to exclude dendritic branches that overlapped with other labeled cells to ensure that only PSD95 puncta from SACs were included in analysis. Magnified regions (dotted and solid boxes) correspond to example proximal and distal regions in (C). (B) Skeleton of cell from (A) with identified PSD95 puncta (colored dots). Colors represent the log ratio of the PSD95 to tdTomato fluorescence intensity within each puncta, which was used for thresholding puncta to include in subsequent analysis (see Experimental Procedures). (C) Examples of distal (left) and proximal (right) regions indicated by the dotted and solid boxes in (A). Colors of identified puncta in the bottom row correspond to the heatmap in (B). (D) Density of PSD95-YFP puncta or putative postsynaptic sites determined by uncaging (see Figure 3E ) as a function of dendritic path length from the soma. For PSD95, the average linear density of PSD95 puncta using a 10-mm sliding window is plotted using a threshold log ratio of 1.0 to select puncta to include (blue line; light blue shading, SEM; eight cells). For uncaging, histogram of the average density of putative postsynaptic sites in 5-mm bins is plotted (orange line; gray bars, SEM; 23 dendrites). (E) Histogram of PSD95 puncta from 8 SACs using a threshold log ratio of 1.0 (left axis, blue) as well as the synaptic contacts with DSGCs (outputs, right axis, black) as a function of radial distance from the soma. Orange dotted line, the mean radial distance of the last putative postsynaptic sites detected with uncaging (see Figure 3E ). Outputs were determined from electron microscopy reconstructions of 24 SACs (Briggman et al., 2011) and analyzed as a function of radial distance to compare with PSD95 locations. See also Figure S4 .
Figure 5. Synaptic Input Distribution Supports Direction Selectivity of Simulated Dendritic Voltage
(A) Ball-and-stick representation of a partial SAC dendritic tree used for simulations of dendritic integration in a passive model. Blue circles, the location of synapses used in simulations, corresponding to the average distance from the soma of putative synapses determined from uncaging. Green arrows, locations where the dendritic voltage is plotted in (B); black arrows, locations where the peak of the dendritic voltage is plotted in the summary in (G) and (H). Gray squares, wider compartments of the distal dendrite representing varicosities.
(legend continued on next page) computation, which determines the outward preference as well as the circuit-level lateral inhibition of the response to inward motion.
DISCUSSION
Directly linking neural connectivity to neuronal computations is a major goal of contemporary neuroscience. We studied the relationship between excitatory input locations and the motion direction computation that SACs perform. We found that the excitatory inputs are localized to the proximal two-thirds of the dendritic tree, mostly segregated from output sites, and that their distribution can determine the region of the dendrite where varicosities are DS. This differential distribution enhances the mechanisms influencing direction selectivity, both the intrinsic dendritic mechanism and the lateral inhibition mechanism. These results allowed us to determine the relative contributions from dendrite-intrinsic and circuit-level mechanisms to direction selectivity in SAC dendrites. Our findings highlight the critical importance of synaptic input placement and distribution within the dendrite in determining the types of neuronal computations performed.
Excitatory Inputs to SACs
We used several approaches to demonstrate that the excitatory input distribution is mostly separated from the varicosity-rich distal dendrites. We observed this distribution in three ways:
(1) a restricted visual receptive field using either voltage-clamp recordings from the soma (Figure 1 ) or two-photon Ca 2+ imaging in distal dendrites (Figure 2 ), (2) a paucity of synapses in distal dendrites detected with glutamate uncaging (Figure 3) , and (3) a decreased density of PSD95-YFP expression in distal dendrites (Figure 4 ). These findings are consistent with two SBEM studies that found fewer bipolar cell contacts in the most distal dendrites in both On-and Off-layer SACs (Greene et al., 2016; Kim et al., 2014) .
Our results indicate that there may be a different distribution of glutamate receptors in mice than in rabbit, where several studies determined that excitatory inputs are present throughout the entire SAC dendritic tree. These studies also used a variety of methods, including visual receptive field mapping with ring stimuli and voltage-clamp recordings (Lee and Zhou, 2006) , electron microscopy (Famiglietti, 1991) , and PSD95-GFP labeling (Koizumi et al., 2011) . Hence, it appears that a different combination of excitatory and inhibitory distributions may account for direction selectivity in rabbit.
Mechanisms of Dendritic Integration in SAC Dendrites
Overall, our findings suggest that the distribution of excitatory inputs in SACs can produce a dendrite-intrinsic DS response, with outward motion producing a larger depolarization in distal varicosities compared to inward motion (Figures 5 and 6 ). We found that direction selectivity was strongest for varicosities located outside of the excitatory receptive field and that more proximal varicosities are less DS ( Figures 6F and 6G ). The following two properties of SAC dendrites are the basis of this effect: the high-input impedance of narrow-diameter dendrites and the sealed end of the distal dendritic compartment, which retards current flow (the ''end effect,'' see Rall, 1964 Rall, , 1967 .
High-input impedance of narrow-diameter dendrites contributes to direction selectivity in the following way. In somatic recordings of uncaging-evoked currents, we observed a tendency of the rise time to increase and the amplitude to decrease with increasing distance along the dendrite ( Figure S2 ), although our simulations suggest that the filtering-induced reduction in amplitude is similar for inputs placed 85 or 150 mm from the soma ( Figure S3 ). Thus, it is highly unlikely that the decreased probability of detecting events in distal dendrites resulted from dendritic filtering. The narrow diameter of the dendrite (<0.3 mm) is likely to account for this filtering over the short distances in SAC dendrites (<150 mm). Numerical simulations indicate that dendritic filtering is critical for producing the slow-rising (I) Same as (G), using synapse gradients determined from the average locations of PSD95 labeling (see Figure S5 ). The regular distributions in this plot have the same average synaptic density as the experimental distribution from PSD95 labeling (0.2/mm). (J) Same as (H), using synapse gradients determined from the average locations of putative PSDs. See also Figure S5 . and -decaying excitatory postsynaptic potentials (EPSPs) in varicosities during stimulation of inputs proximal to the soma ( Figure 5 ). This filtering produces the sensitivity to outward stimulation, in which larger peak depolarizations are achieved because the proximal inputs, which are distant from release sites, produce slow depolarizations in the release compartments. Outward direction selectivity results from activation of synapses progressively closer to release sites, which produces a depolarization that summates on previous EPSPs more distant from release sites, thus achieving a larger absolute peak depolarization, as opposed to stimulation in the inward direction (Rall, 1964 ). This effect is maximized when the output sites are not intermingled with inputs within the same compartment (Figures 5D , 5E, and 5I). If they were intermingled, the voltage drive of inputs close to the release sites dominated, thereby masking any slow accumulation of depolarization from more distal synapses. Thus, the separation of inputs and outputs is a global dendritic strategy used to compute motion direction ( Figure 1A) .
The second feature, the end effect, is the property of the closed end of the dendritic compartment that essentially reflects current flow in the outward direction and leads to less voltage attenuation in the direction of the distal compartment. This is in contrast to locations near branch points or the soma, which act as current sinks. The end effect is critical for ensuring that large segments of dendrite containing release sites are subjected to a similar depolarization, despite the increased distance from the last activated input, which in turn leads to a large region of the dendrite exhibiting direction selectivity ( Figure 5 ). This also could be a mechanism for synchronizing release from varicosities at different distances from the end of the dendrite. In this study, we created a simulation based on passive membrane properties to examine the role of the excitatory input distribution. The principal prediction is that direction selectivity of distal dendritic voltage is enhanced if inputs are segregated away from release sites ( Figure 5 ). We confirmed this enhancement by monitoring Ca 2+ responses to motion stimuli as a proxy for voltage integration at release sites ( Figure 6 ). However, it is difficult to test empirically whether the alternative case, the regular distribution of inputs located all along the dendrite, produces weaker direction selectivity at release sites. Therefore, it remains to be shown directly that exclusion of synaptic inputs near release sites is necessary, as our simulations suggest, to produce direction selectivity at most of the release sites.
It is likely that non-linearities in SAC dendrites also contribute to direction selectivity. SACs express the voltage-gated potassium channel Kv3.1, which is localized to proximal dendrites and which probably enhances the electrical isolation of dendrites pointing in different directions (Ozaita et al., 2004) . SACs also exhibit tetrodotoxin (TTX)-insensitive voltage-gated sodium channel conductances (Oesch and Taylor, 2010) , which might amplify the DS voltage observed in our model ( Figure 5 ). Voltage-gated Ca 2+ channels also could amplify DS voltage; both P/Q and N-type channels are expressed in SACs (Lee et al., 2010; Xu et al., 2003) and adding voltage-gated Ca 2+ channels to the varicosities in our model resulted in a significant amplification of direction selectivity in SAC varicosities (data not shown). Our evidence of the presence of non-linearities is that we observed an outward preference of the somatic voltage in response to moving square stimuli, while a purely passive model predicted a small inward direction preference for voltage recorded at the soma ( Figure S5 ; Euler et al., 2002; Gavrikov et al., 2003 Gavrikov et al., , 2006 Hausselt et al., 2007; Oesch and Taylor, 2010; Ozaita et al., 2004) . Directly measuring voltage in SAC dendrites would provide a basis for determining the contribution of each non-linearity to the amplification of passive direction selectivity. Finally, the cooperative binding of neurotransmitter release sensors (e.g., Kochubey et al., 2009) will likely contribute to amplification of DS release of GABA onto DSGCs.
A Unifying Model of SAC Direction Selectivity So far, three models of how direction selectivity arises in SAC dendrites have been proposed. First, the space-time wiring model by Kim et al. (2014) proposes that bipolar cells with phasic versus sustained release kinetics synapsing onto different regions of the dendrite produce a delay-line computation of direction selectivity. As shown in Figure S1 , our voltage-clamp recordings do not show detectable differences in bipolar cell release kinetics at different sites along the dendrite. However, the ideal experiment to test this model would be to record from bipolar cell-SAC pairs to test directly for differences in release kinetics.
Second, the lateral inhibition model postulates that direction selectivity in SACs arises due to lateral inhibition from other SACs. SACs release GABA onto one another (Kostadinov and Sanes, 2015; Lee and Zhou, 2006; Zheng et al., 2004 ) and a previous study demonstrated that the direction selectivity of Ca 2+ responses in proximal varicosities requires surround stimulation in rabbit SACs (Lee and Zhou, 2006) . This inhibition mechanism relies on the ability of GABA receptor activation to shunt excitation when inhibition arrives first (Mü nch and Werblin, 2006) . However, other studies in rabbit retina have found that blocking GABA receptors did not affect DS responses in one example of dendritic Ca 2+ imaging (Euler et al., 2002) or in DS responses as measured by voltage-clamp recordings at the soma (Hausselt et al., 2007; Oesch and Taylor, 2010) . We found that lateral inhibition enhanced, but was not required for, direction selectivity in distal varicosities (Figure 7) . First, stimulating out to 100% of the dendritic tree, which maximally stimulates antiparallel presynaptic SAC dendrites, led to larger direction selectivity than stimulation to 75% of the dendritic tree. Second, blockade of GABA A signaling reduced direction selectivity in distal varicosities, primarily by increasing the dendritic response to inward motion. It is important to note that a bath application of gabazine not only affects SAC-SAC interactions but also affects wide-field amacrine cell inputs to SACs (Hoggarth et al., 2015) as well as the amount of glutamate released from bipolar cells, due to a relief of presynaptic inhibition (Pei et al., 2015) . However, GABA release from wide-field amacrine cells should not be DS, and the distribution of bipolar cell inputs on SACs allows them to maintain direction selectivity despite potential increases in glutamate release.
Our data are more in favor of a third model in which direction selectivity arises through a dendrite-intrinsic mechanism. In this model, the excitatory input distribution and passive cable properties described here contribute to the direction selectivity of dendritic voltage and, hence, synaptic output. In addition, the differential distribution of inputs and outputs contributes to a circuit-based mechanism of direction selectivity in which lateral inhibition from neighboring SACs enhances direction selectivity. Overall, our findings suggest a model where the dendrite-intrinsic direction preference is enhanced by lateral inhibition from other SACs, a circuit-level interaction that itself requires the presence of the dendriteintrinsic mechanism, leading to robust direction selectivity in SAC dendrites ( Figure S7 ).
EXPERIMENTAL PROCEDURES
Details may be found in the Supplemental Experimental Procedures.
Ethics Statement
All animal procedures were approved by the UC Berkeley Institutional Animal Care and Use Committee and conformed to the NIH Guide for the Care and Use of Laboratory Animals, the Public Health Service Policy, and the SFN Policy on the Use of Animals in Neuroscience Research.
Visual Stimulation and Calcium Imaging
To record from On-layer SACs, we used retinas from the following two mouse lines that express fluorescent proteins in SACs: mGluR2-GFP mice and
ChAT-Cre/nGFP mice. For some experiments, wild-type (C57BL/6J; Jackson ImmunoResearch Laboratories) mice were used. Whole-cell recordings were performed in Ames' media using a cesium internal for voltage clamp and a potassium internal for Ca 2+ imaging. Cells were targeted using IR illumination and two-photon microscopy (Wei et al., 2010) . Two-photon imaging used a custom-built microscope tuned to 810 nm (for Alexa-594 dye imaging) or 930 nm (for GFP and OGB-1 imaging). Visual stimuli were generated using a computer running either a monochromatic organic light-emitting display or a DMD projector with a light-emitting diode (LED) light source. Stimuli were presented in pseudorandom order. Light intensity of visual stimuli ranged from 1.9-2.9 3 10 5 R*/rod/s.
Glutamate Uncaging
Retinas were prepared as described for visual stimulation (above) with the exception that dissections of wild-type mice were done in ambient light and tissue was stored in oxygenated ACSF. Voltage-clamp recordings used either a cesium or potassium-based internal. Dendritic arbors were imaged using a custom two-photon microscope tuned to 810 nm. The caged compound 4-methoxy-7-nitroindolinyl-caged L-glutamate (MNI-glutamate, Tocris Bioscience) was bath applied at a concentration of 2 mM (in ACSF), and glutamate was uncaged using a 405-nm laser with power = 2.55 mW (Abrahamsson et al., 2012) .
PSD95 Labeling and Imaging
Retinas from postnatal day 22 mice were labeled via biolistic transfection using a cytomegalovirus (CMV) promoter driving expression of tdTomato or PSD95-YFP (Morgan and Kerschensteiner, 2012 ) using a Helios Gene Gun (Bio-Rad) and then incubated for 24 hr. Afterward, retinas were fixed in 4% paraformaldehyde in mACSF, rinsed in PBS, and flat mounted in Vectashield (Vector Laboratories) for confocal imaging on an Olympus FV-1000 laser-scanning confocal microscope. SAC dendrites were skeletonized using Imaris (Bitplane). Potential PSD95-YFP puncta were identified using custom MATLAB scripts previously described (Morgan et al., 2008) . The log ratio of YFP to tdTomato fluorescence was calculated within each punctum (Torborg and Feller, 2004 ; see Figure S4 for details).
Simulation of SAC
Passive cable simulations of EPSC propagation or EPSP integration within an idealized SAC model were performed using Neuron v7.3 (Carnevale and Hines, 2006) .
Data Analysis
Data analysis was performed in IgorPro (WaveMetrics) running Neuromatic functions, ImageJ, FIJI, Imaris, and MATLAB. The DSI is as follows (with direction of visual stimulation relative to SAC soma indicated by the subscript): 
